Phenolic oxime complexes of Ni (II) and Cu(II) show planar structures with intermolecular interactions controlled by the steric bulk of peripheral alkyl groups to give either isolated molecules or π-stacked structures. Both Cu and Ni complexes show limited orbital interaction between the metal and ligands, although greater for Ni than Cu. The Cu complexes show antiferromagnetic chain behaviour and weaker intermolecular interactions than the Ni complexes in the solid state or in a thin film.
Introduction
Due to their diverse redox, spectroscopic and magnetic properties, transition metal complexes are of widespread importance in the study of functional molecular materials, [1] [2] [3] with key properties including accessible oxidations/reductions, 4, 5 and tunable intermolecular interactions through modification of the ligand 6 or by exchange of the transition metal ion. 7 The presence of unpaired electrons in some cases has played a key role in the extensive field of molecular magnetism and, when coupled with charge transport properties, can lead to novel magneto-conductive effects. [8] [9] [10] Metal complexes with a planar, electronicallydelocalized structure have proven particularly attractive for development of cooperative electronic properties due to the strong molecule-molecule interactions that can arise from π-stacking of the planar units. [11] [12] [13] This motif has led to materials showing ferromagnetism, 14 one-dimensional magnetic chains, 15 semiconductive behaviour, 16, 17 and a variety of structural or magnetic phase-transitions. 18 The majority of research in this field however, has focused on well-established families of planar metal complexes such as metal-bis-1,2-dithiolenes, [19] [20] [21] metal phthalocyanines 22 and structurally related analogues such as bis(o-diiminobenzosemiquinonate) nickel(II), 5, 23 with much less attention given to the development of a wider variety of examples.
In this context it is important to investigate new classes of planar, electronically-delocalized metal complexes or to re-evaluate appropriate existing materials previously used for a different purpose. This requires an extensive study of different classes of planar metal complexes to assess their electronic structure; their processibility into thin films by evaporation or solution methods; their molecular packing in the solid state; the resulting intermolecular interactions, their magnetic properties and the possibility of charge-transport properties. Phenolic oxime ligands are used extensively in extractive hydrometallurgy [24] [25] [26] but the cooperative electronic properties in materials formed by transition metal complexes of these ligands has to date been overlooked. We have prepared homoleptic nickel(II) and copper(II) complexes using two structurally related phenolic oxime ligands, 2-hydroxy-5-t-octylacetophenone oxime (L 1 H) and 2-hydroxy-5-npropylacetophenone oxime (L 2 H). The size of the alkyl group at the 5-position on the aromatic ring has been varied, which affects both the solubility of the resulting complexes formed and thus the processing methods available, and also intermolecular interactions in the solid state, which determine the packing adopted by the molecules and the corresponding cooperative electronic properties that arise. We report a systematic study of the electronic, magnetic, structural and thin-film properties of these materials to provide a thorough assessment of their potential for use in functional molecular materials and devices.
Experimental

2.1.
Synthesis of materials
All chemicals were purchased from Sigma Aldrich and used as bought without further purification.
2-hydroxy-5-t-octylacetophenone oxime (L 1 H) :
Acetyl chloride (86.3g, 1.1 mol) was added drop wise to a solution of 4-tert-octylphenol (206.3g, 1 mol) in toluene (600 ml) and the resulting solution refluxed for 4 hours and then stirred overnight. Aluminium trichloride (133.3g, 1.0 mol) was added in portions to the stirred solution over 4 hours and the reaction mixture was then heated to reflux for 3 hours and stirred overnight at RT. The reaction was quenched with excess HCl (20%, 500 ml) which was added drop wise over 1h. The organic phase was separated from the aqueous, washed with distilled water (2 x 250 ml) and filtered using phase separation paper. The solvent was removed in vacuo yielding a viscous yellow oil (230.2g) 67% pure by GC. Hydroxylamine sulphate (221.5 g, 1.35 mol) and sodium acetate (221.4 g, 2.7 mol) were added to a solution of crude phenolic ketone (230.2g, 0.9 mol) in ethanol (600 ml). The resulting suspension was refluxed for 2h, allowed to cool and poured onto toluene (500 ml) and distilled water (300 ml). The organic layer was separated, washed with distilled water (2 x 100 ml) and brine (100 ml) and filtered through phase separation paper. The solvent was removed in vacuo and the resulting yellow solid was purified via complexation with copper, using the same general procedure as detailed below. The complex solution was stripped using sulphuric acid solution (0.1 M, 3 x 200 ml), washed with distilled water (200 ml) and filtered through phase separation paper. portions to the stirred solution over 4 hours at 10 minute intervals, and the reaction was then refluxed for 3
hours before being quenched with aqueous hydrochloric acid (18%, 100 ml) added dropwise over an hour.
The organic layer was separated from the aqueous, washed with distilled water (2 x 50 ml) and then dried using excess magnesium sulfate. Evaporation of the solvent under reduced pressure gave an orange oil which was dissolved in ethanol (200 ml). A filtered solution of hydroxylamine hydrochloride (10.42 g, 0.15 mol) and potassium hydroxide (8.42 g, 0.15 mol) was added and the resulting reaction mixture heated at reflux for 3
hours, allowed to cool, and then poured into a toluene/water (100 ml: 100 ml) solution. The organic layer was washed (50 ml water, 50 ml brine) and dried in vacuo to yield an orange oil. The salicylketoxime ligand was then recrystallised as an off-white solid (12.52 g, 65 %) by cooling a concentrated n-heptane (50 ml) solution. [28] [29] [30] , using Gaussian 03. 31 The X-ray crystallographic coordinates were used as the starting structures, and minima on the potential energy surface were confirmed by the absence of any imaginary frequencies. The molecular orbital isosurfaces were visualised using ArgusLab 4.0. 32 FET measurements were carried out using bottom contact devices consisting of interdigitated platinum source and drain electrodes with a silicon dioxide dielectric layer. The source and drain electrodes were 8 μm thick with a gap between the interdigitated electrodes of 2 μm. The dielectric layer was 300 nm thick and the gate electrode was made from an n-doped silicon wafer. FET testing was done in darkness under vacuum. Imaging of thin films was carried out using a Hitachi S-4300 Scanning Electron Microscope.
Results and Discussion
The salicylketoxime ligands discussed in this work are planar, bidentate and bind through two heteroatoms making them interesting candidates for investigation to assess their potential in magnetic or conducting 
3.1.
Crystal structures
In the crystal structures of the four unsolvated complexes, Cu(L (Figure 2 ), which has a five coordinate square pyramidal structure. The bite angle is larger in the Ni(II) complexes, which is a consequence of the shorter Ni-O and Ni-N bonds requiring the metal atom to move towards the centre of the N … O bite. 
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3.2.
Electrochemistry
Both the ligands were studied in the range of -2 to 2 volts at various scan rates and both display similar 
3.3.
UV/vis Spectroscopy
The UV-Vis spectra of the ligands, L 1 H and L 2 H, in the range 250 -800 nm ( Figure S11 ) are very similar.
Both spectra are dominated by a strong absorption band occurring at 315 nm, assigned as a π-π* transition. 
3.4.
Computational
In order to estimate the energies of the HOMO and LUMO in our complexes, single molecule gas phase 
3.5.
SOMO Wrestling
The calculation of the electronic structure of copper containing complexes continues to be a challenge for electronic structure methods. Recent work on Cu-phthalocyanines has shown that the predicted electronic structure, particularly the ordering of the occupied valence orbitals, is sensitive to the level of theory applied, and in the case of DFT, sensitive to the nature of the functional employed [38] [39] [40] [41] Osc.
Strength
HOMO LUMO
In the course of this work, similar effects were also observed for the copper complexes, where not just the electronic structure, but the geometrical structure was seen to be sensitive to the nature of the functional chosen. Relatively large basis sets 6-31+g(d,p) and cc-pVTZ were used in combination with a number of functionals to investigate the sensitivity of the electronic structure to the level of theory (Table S3) . Of the functionals under study, the "pure" functionals (OLYP, OPBE, PBE, SVWN and BLYP) tend to place the SOMO within the HOMO-LUMO gap, predicting that the lower energy HOMO is a doubly occupied ligandbased π-orbital. HF and the hybrid and long-range corrected functionals (B3LYP, M06-HF, PBE1PBE, BH&HLYP, CAM-B3LYP), in contrast, tend to place the SOMO at an energy below the doubly-occupied ligand-based π HOMO. In the case of OLYP, OPBE, PBE and B3LYP(VWN5) the geometry of the copper complexes was predicted to be significantly non-planar around the Cu center.
Recent work by Kronick et al. 44 has suggested the self-interaction error, inherent in the majority of DFT functionals, is responsible for the difference in the electronic structures predicted by local and hybrid functionals. The self-interaction error, which is more pronounced in the non-hybrid functionals, tends to destabilize more localized orbitals, in this case the singly occupied Cu-based dx 2 -y 2 orbital, raising it in energy above the doubly occupied ligand-based HOMO. When a fraction of HF exchange is included in the hybrid functionals the self-interaction error is reduced, and the Cu-based dx 2 -y 2 orbital is calculated to lie lower in energy than the HOMO ( Figure S12 , Table S3 ).
Irrespective of the functional employed, all computational methods consistently predict that the unpaired electron does indeed reside in the mainly Cu-based dx 2 -y 2 orbital, consistent with the experimental EPR results (vide infra). The insensitivity of the electrochemical redox peaks to the choice of central metal atom and the lack of an observable oxidation from the Cu(II) SOMO also supports a doubly occupied ligand based orbital as the HOMO. Figure 10 (inset) depicts the calculated spin density of the unpaired electron on the Cu(II) complex using the B3LYP/6-31G(d,p) level of theory. As expected the unpaired electron appears to be based in the dx 2 -y 2 orbital of the metal, with some delocalization onto the donor atoms of the ligand.
3.6.
Thin film XRD
Complexes of the type M(L 2 ) 2 were found to be volatile and thin films on various substrates have therefore been prepared by sublimation under reduced pressure. XRD measurements were carried out at room temperature between angles of 5° and 40° (2θ). Infra red (IR) spectroscopy carried out on these films
indicates that the thin films are structurally the same as the powder sample prior to deposition ( Figure S1 , S2).
This also reassures us that sample decomposition has not taken place during volatilization.
XRD measurements carried out on powder samples of Cu(L 2 ) 2 matches the calculated powder pattern generated from the single crystal data indicating the bulk powder is in the same crystallographic phase as that which was isolated from solution as a single crystal. However, XRD measurements on powdered Ni(L 2 ) 2 appears to show additional peaks that don't correspond to the structure obtained from the single crystal data.
This indicates that the sample contains a mixture of crystallographic phases or a trace amount of a crystalline impurity. Figure 8 is the thin film XRD of Cu(L 2 ) 2 on a Si wafer. Contrasting it with the predicted powder pattern appears to suggest a different crystallographic phase in the thin film from that present in the single crystal. Note that the intense peak at 33° (2 theta) is due to the substrate. The large peaks at 6.18° and 8.38° (2θ) in the thin film XRD correspond to a d-spacing of 14.28 and 10.54 Å, respectively, but
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have not been indexed due to the lack of distinct peaks available. From the single crystal data, the intense peaks at 8.13, 9.00 and 12.45° correspond to a d-spacing of 10.86, 9.81 and 7.10 Å, respectively. These peaks are due to reflection from the (100), (002) and (102) planes.
As witnessed with the Cu(II) complex, the analogous Ni(II) sample also appears to exhibit a different structure when thermally grown on a Si thin film, as can be observed in Figure 9 . 
3.7.
Magnetic susceptibility
Measurements carried out on a powder sample of Cu(L 1 ) 2 are shown in Figure S16 and S17, which clearly indicates paramagnetic behavior exhibited by the sample with no indication of any significant magnetic ordering or interactions at low temperature. This result is expected due to the steric bulk of the tertiary octyl chain present on the ligand, L 1 H. The steric effect of the ligand on the crystal packing results in a large intermolecular distance between Cu(II) centers, approximately 7 Å, such that the molecule behaves as an isolated paramagnet.
Fitting to the Curie-Weiss law in the range 1.8 -300 K ( Figure S16 ) the Curie constant has been determined as 0.3794 cm 3 K mol -1 , leading to a g factor of 2.012, and the Weiss constant as 0.0118 K. Due to the spin orbit coupling present in Cu(II) the g-value is often anisotropic and typically lies between 2.0 and 2.30.
the g factor is close to the free electron value of 2.002, this would suggest the unpaired electron has significant ligand character.
At low temperature the χT vs. T plot for Cu(L 2 ) 2 shows a downward trend indicating the metal centers are interacting antiferromagnetically (Figure 10 ). Treating the sample as a 1-D chain of interacting S = 1/2 molecules, the experimental data were fit to the Bonner-Fisher expression 46 modified by Estes et al. 47 This calculates the isotropic g-value as 2.024 and J as 0.49 cm -1 . The small J value indicates a weak antiferromagnetic coupling, giving a susceptibility peak ca. 6 K. The g-value is rather low, however this is consistent with the Curie-Weiss fit and with the behavior of Cu(L 1 ) 2 . example where the spin is based in the dx 2 -y 2 orbital, the simulation parameters closely match that of our system implying the unpaired electrons are in similar environments with similar delocalization onto ligand orbitals.
The powder EPR results of Cu(L 2 ) 2 , (Figure 10 ), display how the g-factor changes as the material magnetically orders at low temperature. In this case the g-factor indicates a greater degree of electron delocalization than was estimated by simulation from the solution measurement. The value falls from approximately 2.060 to almost 2.057 as the antiferromagnetic interactions become more significant at lower temperature. Reassuringly, the change in g-factor broadly resembles the χT vs. T data from magnetic susceptibility measurements. This reaffirms that using a sterically smaller ligand is having the desired effect on the intermolecular interactions in the solid state. 
3.9.
SEM imaging
The performance of a thin film device, such as a transistor, can be influenced by crystallinity and grain The solution deposited materials, in contrast to the vacuum grown films, form large needle-like crystallites much bigger than those which are formed by sublimation. The solution grown crystallites effectively bridge the source-drain gap of 2 μm whereas not all the vacuum deposited particles are this large. 
FET Measurements
A series of FET measurements was carried out using the less sterically hindered, M(L 2 ) 2 , complexes to form thin films by both vapor processing and solution coating. From the cyclic voltammetry it appears that these materials are weak electron donors therefore p-type conduction may be expected. However, none of these complexes produced gate voltage effects when measurements were carried out using the FET configuration described earlier (see for example Figure S20 ). Instead each material exhibited insulating behavior under a gate potential in an FET device, despite the films being highly crystalline and the π-stacking capability designed into the complexes. The poor performance may be due to an unfavorable arrangement of the molecules in the solid state, however a likely contributing factor is the lack of significant mixing of metal dorbitals with the ligands frontier orbitals, particularly for the Cu(II) complexes. The lack of mixing will limit the delocalization of any introduced holes over the molecule shown by the little difference between the oxidation potential of the metal complexes and the uncomplexed ligand. In addition, the localized ligand orbitals which result will limit the intermolecular interactions required for charge transport.
Discussion
Although phenolic oxime complexes have been extensively studied in metal extraction technology, systematic study of their electronic properties has been overlooked, despite their similarity to planar metal complexes under investigation in molecular magnetic and semiconducting materials. Variation of the alkyl substituent para to the hydroxyl group in 2-hydroxy-acetophenone oxime has allowed us to control the extent of intermolecular interactions in the Ni(II) and Cu(II) complexes. A bulky alkyl substituent electronically isolates the molecules in the solid state, whilst a smaller alkyl chain allows short intermolecular distances, as witnessed by comparisons of their single crystal X-ray structures, whilst still retaining sufficient solubility to enable solution processing. We have also shown these materials to be volatile and processable via vacuum sublimation methods, consistent with the stability imposed through the pseudo-macrocyclic structure.
From the electrochemical studies, absorption spectroscopy and the computational work, the materials appear To maximize intermolecular interactions between frontier orbitals and to ensure accessible oxidation and reduction processes, significant delocalization across the molecule is desirable. In metal-phthalocyanine complexes for example, extensive delocalization is already inherent in the free-base compound and addition of the metal centre is not required to play a specific role in enhancing delocalization. This contrasts with metalbis-1,2-dithiolene complexes where the metal plays a key role in mediating orbital mixing of the two dithiolene ligands across the complex to provide an extended, delocalized system. Hence, in dithiolene complexes, the identity of the central metal and resulting orbital energies is crucial in determining molecular electronic properties. The phenolic oxime ligands studied here fall into the latter category where the metal is required to play an electronic role in mediating delocalization across the complex. However, in the case of Ni(II) and especially Cu(II), the metal does not fulfill that role.
EPR spectroscopy indicated a largely Cu(II) centered radical, with a similar degree of metal-ligand spin density distribution to that of a Cu-porphyrin complex with some spin density delocalized onto the donor nitrogen atoms. In such Cu(II) complexes, we noted the computational complexity that has previously been observed regarding the relative energy of the SOMO compared with the other orbitals. Experimentally, the electrochemical observation of ligand-based oxidation rather than Cu-centered oxidation suggests a doublyoccupied ligand-based HOMO as the highest orbital. Our extensive survey of different levels of theory has given guidance on the ability of different methods to generate theoretical results consistent with this interpretation. This assessment of a range of functionals will aid future computational study of other similar Cu(II) coordination complexes.
Still of interest is the characterization and further study of the thin film crystal packing, in particular how the magnetic properties alter with crystal packing. The SEM results, coupled with thin-film XRD, have shown visually how deposition technique and substrate can have a major impact on the film morphology and crystal size but further exploration of how the deposition conditions affects thin film morphology is required to attempt to understand the thin film polymorphism.
Conclusions
We have prepared a series of metal phenolic oxime complexes designed to probe the role of (i) the central metal and (ii) the peripheral alkyl in determining both the intrinsic electronic properties of the molecules and the structural packing that leads to intermolecular interactions and resulting materials properties. Through extensive electronic, structural, thin-film and materials characterization, a thorough assessment has been possible of the potential of this class of molecules in functional devices and by implication insight has been gained into the design of such metal complexes in general. We successfully showed control of intermolecular π-stacking interactions by alteration of the peripheral alkyl chain. Despite this processing control however, intermolecular magnetic interactions remained weak and no evidence of charge transport between molecules was observed in an FET. We attribute this mainly to the limited mixing of the metal and ligand orbitals.
Design of new families of metal complexes suitable for functional materials should therefore focus on a good energetic match between orbitals of the metal and the delocalized ligand, or should select polydentate or macrocyclic ligands that already possess extensive delocalization analogous to the properties of phthalocyanines, leading to more redox activity and more delocalized frontier orbitals. Application of the structural and processing control through alkyl-chain variation, along with the electronic influence of the central metal achieved in this work, to molecules where greater metal-ligand orbital mixing is evident will lead to systems where the unique properties of metal complexes in semiconducting devices can be fully realized.
